Aims/hypothesis We sought to determine whether pioglitazone and metformin alter NEFA-induced insulin resistance in type 2 diabetes and, if so, the mechanism whereby this is effected. Methods Euglycaemic-hyperinsulinaemic clamps (glucose ∼5.3 mmol/l, insulin ∼200 pmol/l) were performed in the presence of Intralipid-heparin (IL/H) or glycerol before and after 4 months of treatment with pioglitazone (n=11) or metformin (n=9) in diabetic participants. Hormone secretion was inhibited with somatostatin in all participants. Results Pioglitazone increased insulin-stimulated glucose disappearance (p <0.01) and increased insulin-induced suppression of glucose production (p<0.01), gluconeogenesis (p<0.05) and glycogenolysis (p<0.05) during IL/H. However, glucose disappearance remained lower (p<0.05) whereas glucose production (p<0.01), gluconeogenesis (p<0.05) and glycogenolysis (p<0.05) were higher on the IL/H study day than on the glycerol study day, indicating persistence of NEFA-induced insulin resistance. Metformin increased (p<0.001) glucose disappearance during IL/H to rates present during glycerol treatment, indicating protection against NEFA-induced insulin resistance in extrahepatic tissues. However, glucose production and gluconeogenesis (but not glycogenolysis) were higher (p<0.01) during IL/H than during glycerol treatment with metformin, indicating persistence of NEFA-induced hepatic insulin resistance. Conclusions/interpretation We conclude that pioglitazone improves both the hepatic and the extrahepatic action of insulin but does not prevent NEFA-induced insulin resistance. In contrast, whereas metformin prevents NEFAinduced extrahepatic insulin resistance, it does not protect against NEFA-induced hepatic insulin resistance.
Introduction
Metformin and thiazolidinediones are commonly used to treat people with type 2 diabetes. Both are considered to be insulin sensitisers [1] [2] [3] . While these agents exert multiple effects in many tissues, they are believed to act, at least in part, by mitigating NEFA-induced insulin resistance [4] [5] [6] [7] . However, not all data support this conclusion. Fasting plasma NEFA concentrations were lower following treatment with metformin or thiazolidinediones in many [8] [9] [10] but not all [11] [12] [13] [14] [15] studies. Insulin resistance produced by a lipid infusion is prevented by thiazolidinediones in rodents [4, 16, 17] but not in humans [18, 19] . In addition, even the data in rodents are not concordant. Hevener et al. reported that troglitazone prevented NEFA-induced hepatic and extrahepatic insulin resistance when NEFA concentrations prior to and during treatment were matched by a lipid infusion [16] . In contrast, Ye et al., using a similar experimental design, reported that whereas pioglitazone improved insulininduced suppression of glucose production, NEFA continued to impair insulin-induced stimulation of glucose disposal [17] . In addition, Ye et al. demonstrated that treatment with metformin prevented lipid-induced hepatic insulin resistance but did not prevent NEFA-induced impairment of muscle glucose uptake [4] .
To our knowledge, there are no studies that have compared the ability of metformin and a thiazolidinedione to prevent NEFA-induced insulin resistance in people with type 2 diabetes. The present study sought to address this question.
Methods
Subjects After approval of the study by the Mayo Clinic Institutional Review Board, 31 participants with type 2 diabetes mellitus gave informed written consent to participate in the study. All participants were in good health and at a stable weight. None regularly engaged in vigorous physical exercise. Patient characteristics and results of the glycerol control studies have been published previously [20] . The present report is based on the results obtained in the 20 participants in whom paired Intralipid-heparin (IL/H) and glycerol data were available both before and after treatment. Pretreatment data were not available in eight participants because of ex vivo lipolysis, which precluded accurate measurement of NEFA concentrations, and in three participants because of persistent labelling of C5 glucose with 2 H from a previous study. However, as noted in the Discussion, conclusions regarding the effects of pioglitazone and metformin on NEFA-induced insulin resistance were the same when both the pre-and posttreatment data were analysed in the 20 participants or only the post-treatment data (available in all participants) were analysed in the 31 participants (data not shown).
Of the 11 participants in the pioglitazone group, five had been treated previously with metformin alone, one with sulfonylurea alone, two with a combination of metformin and sulfonylurea, and three with diet alone. Of the nine participants in the metformin group, seven had been treated previously with metformin alone, one with sulfonylurea alone, and one with a combination of metformin and sulfonylurea. Oral hypoglycaemic medications were discontinued at least 10 days prior to the pretreatment study visit. Following completion of the pretreatment study, participants were randomly assigned (in a double-blind, double-placebo controlled design) to receive either pioglitazone (45 mg daily) or metformin (1000 mg twice daily) for 4 months. Following randomisation, participants received daily doses of either pioglitazone 45 mg or metformin 2,000 mg for 4 months the last dose being given the day before the study. Subjects continued to receive pioglitazone or metformin during the post-treatment study, i.e., study drugs were not discontinued during the evening before the study and the morning of the study. Also, each participant took their regular and study medications as prescribed. Subjects on stable doses of thyroxine, oestrogen replacement therapy, 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors and metabolically neutral antihypertensive medications (low-dose thiazide, calcium channel blockers or losartan) continued these medicines during the study.
Experimental design Subjects were admitted to the Mayo Clinical Research Unit at 17:00 hours on the evening before the study, fed a standard meal, and given 1.67 g 2 H 2 O/kg fat-free mass (FFM) of body water at 18:00, 20:00 and 22:00 hours, as described previously [20] . An infusion of insulin was started after the standard meal, adjusted to maintain glucose concentrations at ∼5 mmol/l during the night. ) were started at 10:00 hours (time 0 min). An infusion of [9, 11, 12, H 4 ]cortisol was started at 06:00 hours as part of a separate protocol. Beginning at 09:30 hours, a solution containing H]glucose was infused in amounts sufficient to maintain plasma glucose concentration at ∼5 mmol/l.
Analytical techniques Samples were placed in ice, centrifuged at 4°C, separated, and stored at −20°C until analysis.
Samples for NEFA were collected in tubes containing 50 μl diethyl-p-nitrophenyl-phosphate (Paraoxon; Sigma Chemicals, St Louis, MO, USA) diluted to 0.04% in diethyl ether to prevent ex vivo lipolysis. Plasma glucose, insulin, Cpeptide and glucagon concentrations, [3- 3 H]glucose specific activity, and enrichment of 2 H on the second and fifth carbon atoms of plasma glucose were measured as described previously [20, 21] . Plasma glycerol and NEFA concentrations were measured by a modified microfluorometric enzymatic method [22] .
Calculations Rates are expressed as µmol (kg FFM)
. Basal and clamp responses were assessed by taking the mean of the values present from −30 to 0 min and from 270 to 300 min respectively. Glucose appearance and disappearance were calculated using the steady-state equations of Steele et al. [23] . Endogenous glucose production during the clamp was calculated by subtracting the exogenous glucose infusion rate from the total glucose appearance rate. The rate of gluconeogenesis was calculated by multiplying the plasma ratio of C5 and C2 glucose enrichment times by endogenous glucose production [24] . Glycogenolysis was calculated by subtracting the rate of gluconeogenesis from endogenous glucose production.
Statistical analysis Data in the text and figures are expressed as mean±SEM. Student's paired t test was used to test the primary hypothesis that insulin action was less following treatment on the IL/H than on the glycerol study days. While this is a one-sided hypothesis, two-sided p values are reported in the text and figures to be conservative. Student's t test was also used to test the secondary hypotheses that insulin action increased following treatment and that insulin action before treatment differed on the IL/H and glycerol study days. A p value of less than 0.05 was considered statistically significant.
Results
Subject characteristics Subject characteristics are provided in Table 1 . Age, sex, weight, BMI, lean body mass, body fat percentage, visceral fat, fasting plasma glucose, HbA 1c and years since diagnosis of diabetes did not differ between groups before treatment. Body weight, BMI and body fat percentage were higher (p<0.05) with pioglitazone treatment but remained unchanged with metformin treatment.
Plasma glucose, insulin, C-peptide and glucagon concentrations Plasma glucose concentrations did not differ on the IL/H and glycerol study days before or after treatment with either pioglitazone or metformin (Fig. 1) .
Plasma insulin concentrations were higher (p<0.05) before the clamp on the IL/H study day than on the glycerol study day before treatment, but did not differ after treatment with either agent. Plasma insulin concentrations did not differ during the clamps on the IL/H and glycerol study days on any occasion.
Plasma C-peptide concentrations did not differ before the clamps on the IL/H and glycerol study days in either group and were promptly and similarly suppressed during the clamps by the somatostatin infusion on all occasions.
Plasma glucagon concentrations were higher (p<0.05) before the clamp on the IL/H study day than on the glycerol study day before treatment with either agent, but were no different after treatment. Glucagon concentrations did not differ during the clamp on any occasion.
Plasma NEFA and glycerol concentrations Plasma NEFA concentrations were not different before treatment with either pioglitazone or metformin on the IL/H (1.1±0.3 vs 0.9±0.2 mmol/l) and glycerol (0.4±0.1 vs 0.3±0.1 mmol/l) study days. Similarly, plasma NEFA concentrations were not different after treatment with either pioglitazone or Fig. 2) . Plasma glycerol concentrations did not differ on the IL/H or glycerol study days either before or after treatment with either agent.
Glucose disappearance Glucose disappearance during the clamp was lower (p<0.05) on the IL/H than on the glycerol study day both before and after treatment with pioglitazone, indicating that NEFA impaired insulin-induced stimulation of glucose disposal on both occasions. On the other hand, glucose disappearance during the clamp on the IL/H study day was higher (p<0.01) after than before treatment. Of note, glucose disappearance during the clamp on the IL/H study day after treatment with pioglitazone did not differ from glucose disappearance on the glycerol study day prior to treatment with pioglitazone (Fig. 3) .
Glucose disappearance during the clamp was lower on the IL/H than the glycerol study day before (p<0.01) but not after treatment with metformin, indicating that metformin protected against NEFA-induced extrahepatic insulin resistance. In addition, glucose disappearance during the clamp on the IL/H study day was higher (p<0.001) after treatment than before treatment with metformin, indicating and after (b, d, f, h, j, l, n, p) 4 months of treatment with pioglitazone (a-h) or metformin (i-p). Infusion of insulin, somatostatin and glucagon was started at time zero improved extrahepatic insulin action. As with pioglitazone, glucose disappearance during the clamp on the IL/H study day after treatment with metformin did not differ from glucose disappearance on the glycerol study day prior to treatment with metformin.
Endogenous glucose production Glucose production during the clamp was slightly but not significantly higher on the IL/H than on the glycerol study day before treatment and significantly higher (p<0.01) after treatment with pioglitazone, indicating that NEFA induced hepatic insulin resistance. However, glucose production during the clamp was lower after treatment than before treatment with pioglitazone on both the IL/H (p<0.05) and glycerol (p<0.01) study days, indicating improved hepatic insulin action. In addition, glucose production on the IL/H study day after treatment with pioglitazone was lower (p<0.05) than glucose production on the glycerol study day before treatment with pioglitazone. Thus, while pioglitazone improved hepatic insulin action, it did not prevent NEFAinduced hepatic insulin resistance (Fig. 4) . Glucose production during the clamp was higher on the IL/H than on the glycerol study day both before (p<0.05) and after (p<0.01) treatment with metformin, indicating that NEFA induced hepatic insulin resistance. On the other hand, glucose production before treatment with metformin did not differ from that after treatment with metformin on either the IL/H or the glycerol study day, indicating no improvement in hepatic insulin action.
Gluconeogenesis Gluconeogenesis during the clamp was higher (p<0.05) on the IL/H than on the glycerol study day after treatment with pioglitazone, indicating that pioglitazone did not prevent NEFA-induced hepatic insulin resistance. On the other hand, gluconeogenesis during the clamp was lower after treatment than before treatment with pioglitazone on both the IL/H (p<0.05) and glycerol (p<0.01) study days, indicating that pioglitazone improved hepatic insulin action in both the presence and absence of elevated NEFA concentration (Fig. 5) . Gluconeogenesis during the clamp did not differ on the IL/H and the glycerol study day before treatment with metformin. In contrast, gluconeogenesis during the clamp was higher (p<0.01) after treatment with metformin on the IL/H than the glycerol study, indicating that NEFA induced hepatic insulin resistance. In addition, gluconeogenesis both before and during the clamp was higher (p<0.05) after treatment than before treatment with metformin on the IL/H study day, indicating lack of improvement in hepatic insulin action.
Glycogenolysis Glycogenolysis during the clamp was higher (p<0.05) on the IL/H than on the glycerol study day after treatment with pioglitazone, indicating that NEFA induced insulin resistance. Compared with pretreatment rates, glycogenolysis during the clamp was lower (p<0.05) after treatment than before treatment with pioglitazone on both the IL/H and the glycerol study day. In contrast, glycogenolysis after treatment with metformin did not differ on the IL/H and glycerol study days and did not differ from that observed before treatment with metformin (Fig. 6 ).
Discussion
People with type 2 diabetes are commonly insulin-resistant and have elevated NEFA concentrations [9, 11, 13, 25] . The present studies indicate that both pioglitazone and metformin modulate fat-induced insulin resistance. However, this effect occurs via different mechanisms. Pioglitazone enhanced insulin-induced stimulation of glucose uptake and suppression of glucose production in the presence as well as in the absence of elevated NEFA. However, pioglitazone did not protect against either NEFA-induced hepatic or extrahepatic insulin resistance, since glucose disappearance was lower and endogenous glucose production, gluconeogenesis and glycogenolysis were all higher during the IL/H than the glycerol infusion after 4 months of treatment with pioglitazone. In contrast, whereas treatment with metformin prevented NEFA-induced extrahepatic insulin resistance, it did not protect against NEFA-induced hepatic insulin resistance.
Effects of pioglitazone on NEFA-induced insulin resistance
The present data resolve several apparent inconsistencies in the literature and emphasise the importance of including appropriate control studies so that insulin action in the presence of elevated NEFA can be directly compared with that observed in the absence of elevated NEFA, both before and after treatment with pioglitazone. Previous studies have reported that treatment of rodents with a thiazolidinedione increases glucose disposal during lipid infusion to rates observed prior to treatment with a thiazolidinedione in the absence of a lipid infusion [4, 16, 17] . The same pattern was observed in the present studies. Rates of glucose disappearance during the IL/H infusion following treatment with pioglitazone did not differ from those observed in the same individuals during the glycerol infusion prior to treatment with pioglitazone. In addition, rates of glucose production were lower on the IL/H study day after treatment with pioglitazone than they were on the glycerol study before treatment with pioglitazone. If glycerol control studies had not been performed both before and after treatment, these data could have been interpreted erroneously as indicating that pioglitazone protected against NEFA-induced insulin resistance. However, rates of glucose disappearance continued to be lower and glucose production higher during the clamps on the IL/H study day than on the glycerol study day after treatment. This indicates that, whereas pioglitazone improved insulin action, it did not prevent NEFA-induced hepatic or extrahepatic insulin resistance in people with type 2 diabetes. This conclusion is consistent with the results of Serlie et al. [19] , who reported that glucose disappearance was lower and glucose production slightly (but not significantly) higher during an Intralipid infusion than during a saline infusion following 4 months of treatment of eight type 2 diabetic patients with pioglitazone. They are also consistent with the report by Dhindsa et al. [18] that the glucose infusion rate required to maintain euglycaemia in obese non-diabetic participants was decreased during a lipid infusion both before and after 6 weeks of treatment with rosiglitazone. Glucose production equals the sum of gluconeogenesis and glycogenolysis. Rates of gluconeogenesis during the clamps were lower after than before treatment with pioglitazone on both the IL/H and the glycerol study day. This observation is consistent with previous reports that thiazolidinediones enhance insulin-induced suppression of gluconeogenesis [20, [26] [27] [28] [29] . Rates of glycogenolysis during the clamp were also lower after than before treatment on both the IL/H and the glycerol study day, indicating that pioglitazone also enhanced insulin-induced suppression of glycogenolysis. However, as with the overall rate of glucose production, rates of gluconeogenesis and glycogenolysis were higher after treatment with pioglitazone on the IL/H than on the glycerol study day. Thus, while treatment with pioglitazone improved insulin-induced suppression of gluconeogenesis and glycogenolysis, it did not prevent NEFA-induced inhibition of these processes.
Effects of metformin on NEFA-induced insulin resistance
We are unaware of any studies that have specifically examined the ability of metformin to prevent NEFA-induced insulin resistance in people with type 2 diabetes. In the present study, glucose disappearance was lower during the clamp on the IL/H than on the glycerol study day before but not after treatment with metformin, indicating that metformin protected against NEFA-induced extrahepatic insulin resistance. However, metformin did not protect against hepatic insulin resistance since glucose production during the clamp remained higher on the IL/H than on the glycerol study day.
Metformin has been reported to increase fat oxidation, fat clearance, insulin signalling and stimulation of AMP kinase in muscle [5, 6, [30] [31] [32] [33] [34] [35] . Therefore protection against NEFA-induced resistance in extrahepatic tissues, presumably including muscle, is not surprising. On the other hand, the higher rates of glucose production in the presence of elevated NEFA following treatment with metformin were unanticipated. Previous studies have reported that metformin lowers fasting glucose concentrations primarily by lowering fasting glucose production, presumably by lowering gluconeogenesis [1, [36] [37] [38] . However, metformin treatment resulted in a substantial improvement in glycaemic control in those experiments. We and others have shown that any treatment (e.g. sulfonylureas or insulin) that improves glycaemic control lowers fasting glucose production and improves hepatic insulin action [39, 40] . In the present studies, chronic glycaemic control did not improve and, if anything, deteriorated slightly (∼0.3% increase in HbA 1c ) following treatment with metformin. Under these conditions, the insulin-induced suppression of both overall glucose production and gluconeogenesis on the IL/H study day remained impaired relative to that observed on the glycerol study day following treatment with metformin. In addition, rates of gluconeogenesis on the IL/H study day were higher after than before treatment, suggesting that, if anything, metformin exacerbated rather than protected against NEFA-induced hepatic insulin resistance. Future studies examining the mechanism(s) by which metformin protects against NEFA-induced insulin resistance in muscle but not the liver will be of considerable interest.
Limitations The plasma NEFA concentration was slightly lower after treatment than before treatment despite empirically increasing the rate of IL/H infusion by approximately 30%. This could have been a result of increased clearance, reduced spillover and/or reduced endogenous lipolysis [9, 41, 42] .Therefore, the inhibitory effects of NEFA on insulin action may have been greater if NEFA concentrations following treatment with pioglitazone had been even higher on the IL/H study day. In addition, the apparent improvement in insulin action in the presence of elevated NEFA after compared with before treatment with pioglitazone could have been due, at least in part, to the slightly lower plasma NEFA concentration. The observation that the increment in glucose disappearance during the clamp following treatment with pioglitazone was correlated with the decrement in NEFA on the IL/H study day (r=0.76, p<0.01) supports this possibility. Gluconeogenesis was measured using the 2 H-labelled water method. The limitations of this method, including the assumption that little, if any, 2 H is incorporated onto the fifth carbon of glucose via the transaldolase reaction, have been discussed in detail [43, 44] . We do not know whether this assumption also holds during treatment with pioglitazone or metformin.
Insulin was infused overnight to ensure that glucose concentrations were similar on all occasions. While this may have improved insulin action by reducing 'glucotoxicity' [45] , it did not prevent NEFA-induced insulin resistance and cannot explain the differences in the effects of NEFA on insulin action following treatment with pioglitazone compared with treatment with metformin, since glucose concentrations were comparable on all occasions. On the other hand, since glucose concentrations were relatively well controlled in the present participants, it is not known whether these results pertain to individuals with poor glycaemic control and markedly elevated fasting glucose concentrations. With the continued focus on improving glycaemic control, such individuals may become less common. The conclusions of the current report are based on paired pre-and post-treatment data available in 20 participants. However, as noted in the Methods section, although 31 participants entered the study, pretreatment data were not available in 11 participants because of technical problems. However, the conclusions were the same (i.e. metformin but not pioglitazone protects against NEFA-induced extrahepatic insulin resistance, whereas neither agent protects against NEFA-induced hepatic insulin resistance) when the post-treatment data (available in all 31 participants) were analysed separately (data not shown). Consistent with previous studies [5, [17] [18] [19] [46] [47] [48] [49] [50] plasma NEFA concentrations were acutely (i.e. for 9 h) increased by infusion of a lipid emulsion mimicking the changes that commonly occur during the night or in the late postprandial setting [11, 51] . Additional studies will be required to determine whether pioglitazone and metformin have comparable effects in the presence of chronically (i.e. days to months) elevated NEFA.
Conclusions The present data indicate that neither thiazolidinediones nor metformin fully protect against NEFAinduced insulin resistance. When compared with pretreatment values, pioglitazone increased insulin action in the presence of elevated NEFA. However, insulin-induced stimulation of glucose disappearance and suppression of glucose production, gluconeogenesis and glycogenolysis continued to be impaired relative to that observed in the absence of elevated NEFA, indicating the persistence of NEFA-induced hepatic and extrahepatic insulin resistance. In contrast, whereas metformin enhanced insulin-induced stimulation of glucose disappearance in the presence of elevated NEFA and protected against NEFA-induced extrahepatic insulin resistance, it did not prevent NEFAinduced hepatic insulin resistance. Taken together, these data indicate that while both thiazolidinediones and metformin increase insulin action in the presence of elevated NEFA, their effects on NEFA-induced insulin resistance in liver and muscle differ, perhaps explaining, at least in part, why treatment of people with type 2 diabetes with a combination of these drugs results in a greater improvement in glycaemic control than does treatment with either agent alone.
